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FULL-SCALE SIMULATION OF PARACHUTE DEPLOYMENT ENVIRONMENT IN THE ATMOSPHERE OF MARS
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SUMMARY

A flight-test program was conducted to investigate
the operating characteristics of large-size para-
chutes in an enviromment simulating that expected
during a Mars landing mission. The choice of simu-
lation parameters is discussed and the effects on
the results of those quantities not simulated are
considered. The environmental factors of major
importance to the performance of the parachutes
appear to have been adequately represented in the
tests.

INTRODUCTION

Planetary entry missions will undoubtedly continue
to be a part of national space flight goals although
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the time frame is uncertain. This includes entry of
spacecraft into other planets such as Mars and Venus
as well as into the atmosphere of Earth. The use of
auxiliary aserodynamic decelerators offers economic
and operational advantages on missions requiring

the landing of a spacecraft on a planet surface in a
relatively undamaged condition and has become an
accepted practice for both manned and unmanned earth
operations. Advanced flight operations, both inter-
planetary and earth bound, will impose new require-
ments on decelerator technology. It is thus nec-
essary to continually update decelerator systems
technology in order to permit their integration into
advanced mission plans.

One of the new decelerator requirements for entry
into planetary atmospheres is operation at high
speeds in a low-density environment, such as is
thought to exist on the planet Mars, and also exists
on the Earth at altitudes above 100,000 feet.
Studies have shown that aerodynamic decelerators
offer advantages over propulsive deceleration sys-
tems even for these low-density enviromments. A
Planetary Entry Parachute Program (PEPP) was con-
ducted to investigate parachute deployment and per-
formance characteristics under a combination of
flight conditions where no previous experience
existed. Descriptions of how the program was con-

- ducted are well covered elsewhere (refs. 1 and 2)

and will be discussed only briefly here. The pur-
pose of this paper is to evaluate and comment on the
applicability of the simulated test environment to
the conditions that might be expected on a typical
entry into the atmosphere of Mars.

SYMBOLS

Cp drag coefficient

Do nominal diameter, ft

Fp opening force, 1b

1 characteristic length

M Mach number

m mass, slugs

q dynamic pressure (%'pve), lb/ft2
S nominal area, ft2

te inflation time, sec

v velocity, ft/sec

P atmospheric density, slugs/ft2
" viscosity, lb-sec/ft2 i
4 ratio of specific heats
Subscripts:

E Earth

M Mars



OBJECTIVES

The objectives of the flight program are listed in
figure 1. A specific objective which established
the required test enviromment to be simulated was to
support a Mars lander mission by obtaining technology
required for selection of a parachute system for
further development. This constituted a limited
screening process to determine whether parachutes
would function at all under the expected conditions
and then to select the most promising one or two
configurations for more detailed development. A
second and more general objective was to obtain a
background of parachute technology and experience

in low~density enviromments. Such information is
needed from large-scale flight tests to permit cor-
relation with data from smaller scale tests, and to
as8ist in the development of methods for prediction
of flight performance of aerodynamic decelerators.

ENVIRONMENT DESIRED

To define the environment in which parachutes will
be required to operate in the atmosphere of Mars let
us consider the flight conditions existing on typi-
cal entry trajectories as the spacecraft nears the
surface. Figure 2 is a plot of dynamic pressure
versus Mach number that would exist during the final
portions of typical Mars entry trajectories. The
enclosed area includes trajectories representing a
range of entry angles and velocities, and entry body
ballistic coefficient m/CDS. The atmospheric prop-
erties used in the preparation of figure 2 are those
for a postulated Mars atmosphere designated as VM-8,
which results in a high Mach number at a given alti-~
tude. Mach number and dynamic pressure were chosen
a8 the most significant parameters for design and
operation of aerodynamic decelerators. The Mach
number defines the aerodynamic flow patterns around
the parachute and forebody. The loads existing on
the parachute and thus the construction details such
as material gage and suspension line sizes are a
direct function of dynamic pressure. Numerous
studies indicate that a parachute deployment capa-
bility up to M = 1.6 will provide useful Mars
lander missions within current spacecraft and booster
capabilities. Figure 2 indicates that for a Mach
number of 1.6 a range of dynamic pressures from
about 9.4 to 13.4 might be encountered, and this
variation is primarily dependent upon the ballistic
coefficient m/CDS. Values of g = 10 lb/ft2 and
M = 1.6 were chosen as the nominal parachute
deployment conditions for most of the tests. The
values actually obtained during the PEPP tests are
indicated by the circled points in figure 2. For
the initial test in the program (ref. 1), the nominal
conditions were somewhat lower.

Figure 3 summarizes the envirommental conditions
required and the test quantities chosen to simulate
them. TLow atmospheric density and supersonic speeds
were the two factors differentiating the aerodynamic
regime from that of current experience. As mentioned
previocusly, Mach number and dynamic pressure were
chosen as the simulation parameters. Since a para-
chute is a towed device operating in the wake of a
forebody, this wake can exercise an important influ-
ence on the operation of the parachute. This is
particularly true for a blunt high drag body such as
is utilized for most atmospheric entry missions. It
was considered of fundamental importance that the
correct forebody geometry and thus the body wake
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effects be represented in at least some of the
tests. One of the two test techniques used for the
test reproduced the entry body geometry, and this
requirement established the unique test procedure
to be described later.

Realistic parachute construction is considered
important for several reasons. The low dynamic
pressures existing for typical Mars entries result
in parachutes of large size and very Llightweight
construction. The problem of cloth porosity (air
permeability) becomes significant for the light-
welght materials required for the parachute canopy.
Total parachute porosity has béen shown to be a
critical factor in the performance of a parachute.
Problems also exist with the scaling of parachute
material properties, strength, and construction
details such as seams and joints. The relatively
unknown and unproved nature of parachute scaling
relations in general also led to a desire to avoid
the problem of scale effects. To achieve realistic
parachute construction and to avoid scale effects
as much as possible, large-size parachutes approxi-
mating the expected full-size mission articles were
considered a necessary requirement of the tests.

It would be desirable to reproduce the trajectory
history for a complete simulation. This would
require a reentry trajectory for the earth-based
tests, adjusted in entry angle to permit a close
matching of trajectory parameters. Because of the
impossibility of matching all parameters and because
of the greatly simplified test procedure if this
close matching is not required, the tests were
designed to approximate only the conditions at para-
chute deployment and at the point where a steady
rate of descent had been attained.

Another environmental factor of importance for this
application is the regquirement for sterilization of
any spacecraft which will land on a foreign plenet.
The currently established sterilization procedure
includes a heating requirement, and the effect of
this heating on degradation of the material prop~
erties was considered to be an important factor in
the current investigation. Based on some previous
test results Dacron materials were chosen for para-
chute construction, and a 10-percent strength reduc-
tion was allowed for in the design to account for
sterilization heating effects on the materisls.
Before flight each parachute, after being packed in
its bag, was subjected to a heating cycle similar to
that required for sterilization, in order that any
material degradation would be properly represented
in the flight tests.

Ideally two other factors should be simulated during
the tests. One is the reduced gravity on the planet
Mars and the other is the atmospheric composition.
Although the reduced gravity cannot be simulated in
an Barth environment, a technique involving a bal-
last release can be used to provide a partial sim-
ulation by a change in the steady-state descent rate
to represent that which will occur on Mars. This
technigue was used in one of the tests and will be
described later. In an Earth flight test it is, of
course, impossible to represent any atmospheric
composition which is different from that on Earth.
Some evaluation of the probable effects of the dif-
ferent composition can be made from the gas prop-
erties of the assumed Martian atmosphere.



TEST PROCEDURE

Figure 4 is a schematic illustration of the test
techniques employed to represent the decelerator
operation for a typical planetary entry. An equiv-
alent surface of Mars is represented by some Earth
altitude (approximately 100,000 ft) dependent on the
postulated Martian density. The final portion of a
typical Mars entry trajectory is represented by the
curve labeled "Mars entry trajectory." At an appro-
priate altitude indicated by the X a parachute
deployment is initiated, the heat shield or aero-
shell is separated from the instrumented payload,
and the deployed parachute lowers the payload toward
the surface. A rocket-launched series of tests was
performed to gather basic data on parachutes 30 feet
to 40 feet in diameter as indicated by the curve
labeled "Rocket launch trajectory.” The 2- and
5~stage vehicles were launched from the ground and
when the proper simulation conditions had been
attained (at point X) the parachutes were deployed.
Each payleoad and parachute then continued over the
top of the trajectory and then achieved a steady
descent condition approximating the entry trajectory
of interest.

It will be noted that the desired deployment condi-
tions were obtained on an ascending flight path
rather than on a descending path as for the Mars
entry mission being simulated. This procedure
greatly simplified the test operations. PFurther
comments on the effects of this difference are
included later. For the rocket-launched tests only
the payload was represented during the tests. The
absence of a blunt aeroshell thus eliminated the
forebody wake effects during parachute deployment
but provided a satisfactory representation of the
conditions following aeroshell separation. A fur-
ther description of this test technique can be found
in reference 2.

A second test technigue was developed to provide for
investigation of forebody wake effects and to permit
larger parachute sizes. A full-scale {15-ft-
diameter) aeroshell containing the payload and para-
chute and a propulsion system was carried to an
altitude of about 130,000 feet by a balloon, as
indicated in figure 4. This balloon, with a volume
of 26 million cubic feet, was the largest balloon
ever launched, and its development is described in
reference 3. The use of the balloon as a launch
vehicle provided a low-cost solution to the problem
of carrying the 15-foot-diameter aeroshell to the
test altitude. This diameter exceeded the payload
geometric capabilities of any rocket booster except
the Saturn V. When the desired altitude had been
attained the spacecraft was dropped, and the inter-
nal rockets ignited and propelled the vehicle to the
desired test conditions at point X. The parachute
was deployed and the instrumented payload extracted
from the aeroshell. After traversing the apogee of
the trajectory, the parachute and payload attained a
steady descent. The parachutes used in this series
of tests varied from 55 feet to 84 feet in diameter.
The test technique is described more fully in refer-
ence 1. As with the rocket-launched tests, the sim-
ulated deployment conditions were attained on an
ascending rather than a descending trajectory.

RESULT'S AND DISCUSSION
Flight Summary:

A total of nine rocket-launched flights and four
balloon-launched flights were conducted during this
program. Parachute deployments of two parachute
configurations were successful both with and without
the blunt forebody at a Mach number of 1.6. In the
final two tests one of the two parachute configura-
tions was successfully deployed without the blunt
forebody at Mach numbers of 1.9 and 2.7. It is not
the purpose of this paper to discuss the results of
the parachute tests but to review and comment on the
degree to which the test environment simulated that
expected on a Mars entry mission and the possible
effects on those factors which were not simulated.

Parachute Operating Regimes

The operation of & parachute begins with an initial
transient stage during which the parachute inflates
and produces a more or less rapid deceleration of
the payload. Ultimately the parachute and payload
reach a steady-state descent regime 1if sufficient
time exists for this condition to occur. The transi-
tion from one regime to the other is a gradual pro-
cess. As pointed out earlier, the ascending flight
trajectories at parachute deployment did not repro-
duce the descending trajectories of a Martian entry
but the actual conditions at the initiation of the
transient regime (parachute deployment) were matched
by the simulation parameters discussed. A steady
rate of descent was also eventually reached during
the tests, epproximating a typical mission condition,
although the transition between the two regimes was
different for the Earth tests and typical Mars oper-
ations as was illustrated in figure 4. The two
operating regimes may be conveniently studied sepa-
rately since different parameters assume different
degrees of importance in the two regimes.

Aerodynamics

Figure 5 lists several characteristics of the assumed
atmosphere of Mars which define the atmospheric
environment of an entering spacecraft. The corre-
sponding velues for Earth are shown for .comparison.

‘Most of the postulated atmospheres of Mars contain a

preponderance of COp; for the present purposes an

atmosphere with 100 percent COo has been assumed.

For comparison of properties dependent on altitude,
altitudes of 15,000 feet on Mars and 130,000 feet on
Earth were chosen. The value of 15,000 feet on Mars
represents about the lowest altitude at which a-para-
chute can be deployed to satisfy various mission con-
straints, and 130,000 feet on Earth represent about
the level at which the Mach-number-—dynamic-pressure
simulation at parachute deployment is attained.

From figure 5 it is evident that the specific heat
ratio ¢ is not significantly different for the two
atmospheres. The free-stream Mach number and the
specific heat ratio are sufficient to completely
characterize a perfect gas in flow-field analyses.
At the Mach numbers of the present tests, real gas
effects are insignificant. Although the flow field
around a forebody and parachute at supersonic speeds
is very complex, the shock shapes are expected to
remain virtually unchanged in the Martian atmosphere.
For example, the shock displacement distance at the
axis of symmetry can be expressed in terms of a



density ratio across the shock (ref. L) and at the
Mach numbers of these tests the difference of about
5 percent in ¥y noted in figure 5 results in a much
smaller change in the density ratio and thus the
displacement distance. Thus, during the initial
transient portion of the parachute operation the
aerodynamic characteristics are not expected to be
significantly different on Earth and Mars.

It is also seen in figure 5 that the speed of sound
in the assumed atmosphere is less than in air.

Since Mach number was a basic simulation parameter
at parachute deployment for the present tests, the
velocity in the Earth tests was greater than will be
encountered in Mars by a factor of 1.48. Because
the dynamic pressure (and thus the product pVe) was
another simulation parameter, the density at the
test altitude on Earth was less than that which
would be experienced in the postulated Martian atmo-
sphere by a factor of about 2.2 at the point of
parachute deployment. These differences will have
effects on several of the dynamic properties of the
parachute operation, which will be discussed in the
next section of this paper.

During the steady descent portion of the parachute
operation the flight path is essentially vertical,
and the vehicle is in equilibrium between the weight
and the aerodynamic drag. The descent velocity is a
low subsonic value and Mach number is no longer of
major importance. From an aevodynamic viewpoint,
Reynolds number (pVZ/u) is of more importance.
Since, for the atmospheres of figure 5,

My/bE = 0.565 the product pV must be the same

ratio to provide identical Reynolds numbers. For a
given payload mass the descent velocity on Mars will
be smaller by a factor of 0.62 at corresponding den-
sities because of the smaller gravitational attrac-
tion on Mars then on Earth. Velocity simulation is
a desirable objective if a study of the response of
the system to wind shears and gusts is of interest.
The lower descent velocity on Mars may be simulated
by reducing the weight of the test article for the
Earth tests. This technique was used on one of the
test flights of this series (ref. 1). The procedure
consisted of dropping a ballast weight after the
steady-state cohdition had been attained. The amount
of the weight reduction and the altitudes at which
corresponding Reynolds numbers and descent velocities
are obtained must be established from the relations
defining Reynolds number and descent velocity since
both contain density. As an example, a weight reduc-
tion of 32 percent and an altitude of about

100,000 feet on Earth would provide the same descent
velocity and Reynolds pumber as the original payload
at an altitude of 15,000 feet on Mars. The use of a
reduced weight for descent velocity simulation may

be impractical, however, and not of sufficient
importance to Justify the added complication. If no
weight reduction is utilized in the Earth tests,

then the Reynolds number corresponding to that at
15,000 feet on Mars would be attained at an altitude
of about 110,000 feet on Earth and at a descent rate
about 47 percent higher than on Mars. The Reynolds
numbers obtained in the present tests and those under
the assumed conditions on Mars are of the order of
100,000 based on parachute nominal diameter. A
review of data in reference 5 indicates that no major
changes in drag of blunt bodies would be expected
unless an increase in the Reynolds number by a factor
of about 5 were encountered. Thus, the present tests
gave fair representation of the parachute drag
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characteristics to be expected in the assumed
Martian atmosphere.

As pointed out previously, porosity of the parachute
is an important factor in parachute performance.

The total porosity consists of the flow through the
geometric openings in the parachute canopy plus the
flow through the cloth. Reference 6 states that the
flow through the cloth is proportional to the pres-
sure differential across the cloth. The use of the
full-size construction materials and methods for the
parachutes of the present test series plus the
selection of dynamic pressure as a simulation param-
eter provided assurance that the porosity effects
were properly represented in the results.

Dynamic Effects

The problem of dynamic scaling is involved when a
test simulation procedure contains any environmental
elements not duplicating those of the system being
simulated. During the transient portion of the para-
chute operation at and immediately following deploy-
ment, neither the velocities nor densities of a Mars
mission were duplicated although the Mach number and
dynamic pressure simulation should produce realistic
forces and loads on the various compconents. The
gravitational factor was also unavoidably different.
Since the motion is transient in nature, however,
the mass and inertias are the controlling factors
rether than weight. Several analyses such as shown
in references 6 snd T have been made to establish
scaling factors. The results of any such analysis
are, of course, dependent on the quantities chosen
for simulation. Neither of these references con-
sidered the effect of the dynamic pressure duplica-
tion chosen for the present tests.

Two quantities of major interest in the deployment
dynamics of a parachute are the inflation time and
the opening load. Some correlations of experimental
and analytical results for these gquantities at sub-
sonic speeds have been made {refs. 8, 9, and 10).
Figure 6 shows a curve (from ref. 8) of inflation
time divided by parachute diameter versus velocity

at beginning of deployment. Four points are shown
from two types and two sizes of parachutes from the
present tests. Although the basic correlation was
made from subsonic data, the points obtained at
supersonic speeds are in very good agreement with the
curve, As noted previously, the velocity to be
experienced in the assumed Martian enviromment will
be less than for the present tests. TIf the variation
of inflation time with velocity, shown in figure 6,
is assumed to be valid at supersonic speeds, then it
could be expected that an increase in inflation time
of 40 to 50 percent would exist for the Mars mission.

Figure 7 (from ref. 9) shows a curve representing a
correlation of experimental and analytical results on
opening load versus a mass ratio. Physically the
mass rebtio is proportional to the ratio of the mass
of the air acted upon by the parachute to the total
vehicle mass being decelerated. Figure T also shows
points from the four tests of the present series used
for illustration. The values of the load parameter
are lower than the curve of reference 9 and do not
indicate a similar increase with decreasing mass
ratio. The data from which the curve was derived
were very sparse at the lower mass ratios and did not
extend to the low values of mass ratio or to the
supersonic Mach numbers characteristic of the present-



tests, More data will be required to establish
firmly the type of variation under these conditions.
Since the density for the simulated Mars mission
will be greater than for the Barth tests, as pointed
out previously, the mass ratio will be larger. Thus,
from the data presented in figure 7 it can be con~
cluded that the opening load will probably not be
any larger than measured in the Earth tests and may
be somewhat smaller.

In the present tests the payload and parachute
decelerated more rapidly than is currently expected
for a typical Mars mission resulting in less time
at supersonic speeds. Part of this difference was
caused by the gravitational effect resulting from
the ascending flight path at parachute deployment
for these tests as contrasted with the desired
descending trajectory. Another reason is that the
payloads were generally lighter in weight than were
required for correct mass simulation. Although the
payload masses approximated the desired values at
the beginning of the flight program, the constantly
increasing projected weights of the Mars mission
conceptual designs during the course of this project
resulted in smaller than desired values at the con-
clusion of the program. Whether the decelerations
were realistic will, of course, depend on the value
of {m/CpS) finally chosen for the vehicle during
parachute operation.

During the steady-rate-of-descent regime an item of
major importance is the stability of the parachute-
payload combination. Dynamic scaling parameters for
motions of vehicles during equilibrium rates of
descent have been derived in reference 7. If the
flight vehicles utilized for the present tests are
considered as full scale both in geometry and mass,
then the velocity and the frequency of motions will
be smaller by a factor of 0.62 on Mars than on Earth
and the angular accelerations will be smaller by a
factor of 0.38. These factors are a direct result
of the reduced gravity.

Reference 7 also discusses a reduced weight and
inertia simulation. It is shown that, if these
quantities can be reduced in Farth tests to corre-
spond to the reduced gravity on Mars, then the full-
scale Earth test results, at the same atmospheric
densities, will produce identical descent velocities,
angular acceleration, oscillation frequencies, and
oscillation amplitudes. The use of a ballast release
from the payload to produce & weight reduction, as
mentioned earlier, gives at best only an approxima-
tion to such a simulation since the weight and
inertia of the parachute are not reduced correspond-
ingly and the center of gravity of the system is
altered. Or, looking at the scaling relation in
another way, it can be stated that the motions
obtained during the steady descent for the present
tests are representative of those that would be
obtained at the same density on Mars for a system
similar in size and geometry whose component masses
are larger by a factor of 1.61 than those existing
in these tests.

The simulation conditions for the transient motion
and for the steady-state motion are thus inconsis-
tent. This is to be expected since the transient
motion is an inertia effect while the steady-state
motions are weight dependent. Both are also incon-
sistent with the requirements for Reynolds number
simulation. The effects thus must be considered

separately in planning test programs, and the test
environment should be chosen on the basis of the
factors considered to be the most important. In
view of the uncertain nature of the Martian atmo-
spheric properties, however, there seems to be little
reason to strive for accurate simulation of any one
set of characteristics at present.

Sterilization Heating

As described earlier, each parachute was subjected
to a heating cycle representative of that reguired
for terminal sterilization of spacecraft intended to
land on other planets. The purpose was not to main-
tain sterility but to incorporate in the flight
articles any material degradation or other effects
that might occur as a result of the heating process.
The packed parachute and deployment bag were sub=-
Jected to a temperature of 125° C for 90 hours, and
were then flown without being unpacked. Examination
of the parachutes following flight did not disclose
any damage or failures that could be attributed to
the heating environment.

CONCLUDING REMARKS

A flight-test program has been conducted to investi-
gate the operating characteristics of large-size
parachutes in an enviromment simulating that expected
during a Mars landing mission. The large number of
factors affecting parachute performance and the dif-
ferent atmospheric composition and different gravi-
tational value existing on Mars make an exact simula-
tion of all pertinent parameters Impossible in an
Earth flight test. The factors of major importance
to the performance of the parachute appear to have
been adequately represented By the test procedures
and test conditions selected. Consideration was
given to the possible effects on the applicability

of the results in those areas where exact simulation
was not obtained. The aerodynamics of the system
appear. to have been well duplicated in the tests.

The dynamic motions obtained approximated those of
the intended application, the degree of approximation
depending on the final values selected for the mass
and inertia properties of Mars mission vehicles. The
sterilization heating process appeared to have no
significant effects on the Dacron materials chosen
for parachute fabrication.
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TO SUPPORT A MARS LANDER MISSION BY OBTAINING TECHNOLOGY REQUIRED
FOR SELECTION OF A PARACHUTE SYSTEM FOR FURTHER DEVELOPMENT

TO OBTAIN A BACKGROUND OF PARACHUTE TECHNOLOGY AND EXPERIENCE IN
LOW DENSITY ENVIRONMENTS, BY OBSERVING OR MEASURING:

(a) DEPLOYMENT DYNAMICS

(b} OPENING SHOCK LOADS

{c) DRAG

{d) PARACHUTE AND PAYLOAD MOTIONS

Figure 1.~ Objectives.

ENVIRONMENT DESIRED

LOW ATMOSPHERIC DENSITY {MACH NUMBER
SUPERSONIC AERODYNAMICS DYNAMIC PRESSURE
FOREBODY WAKE FOREBODY GEOMETRY

REALISTIC PARACHUTE CONSTRUCT!ON}

ABSENCE OF SCALE EFFECTS FULL S1ZE

DEPLOYMENT AND STEADY

TRAJECTORY HISTORY STATE CCNDITIONS

STERTLIZATION EFFECTS STERILIZATION HEATING
REDUCED ‘GRAVITY

ATMOSPHER{C COMPOSITION

Figure %.- Simulation conditions.

PROPERTY EARTH MARS
COMPOSITION AIR co,
DEPLOYMENT ALTITUDE () 130 000 15 000
TEMPERATURE (°R) 449 316
SPEED OF SOUND (ft/sec) 1038.5 699.0
RATIO OF SPECIFIC HEATS, u 1.4 1.36

TVISCOSITY, 1 (Ib-sec/ft) 333x 107 188x 107
DENSITY, p (SLUGS/fE) 8.19x 108 18.0x 107

Figure 5.~ Atmosphe‘ric properties at parachute
deployment altitude.

QUANTITIES CHOSEN FOR SIMULATION
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Figure 2.- Parachute deployment conditions for
typical Martian entries.
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Figure 4.- Planetary entry simulation.
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Pigure 6.- Parachute inflation time.
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Figure T.- Opening force versus mass ratio.



